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Germanium is a promising high-capacity anode material for lithium ion batteries. But as a huge volume
variation always occurs during the charge/discharge process, it usually exhibits poor cycling stability.
Herein, a low-cost Ge precursor was used for the preparation of Ge@C core–shell composited NWs by
a facile and “green” synthetic route. The Ge@C nanocomposites, as anode materials for lithium-ion
batteries, exhibited a high initial discharge capacity of 1648 mA h g1 and superior rate capability. In
particular, Ge@C nanocomposite electrodes maintained a reversible capacity of 1086 mA h g1 after
repeated cycling at a current density of 0.5 C (600 mA g1) over 200 cycles.1. Introduction
The rapid development of portable electronic devices has
drastically increased the demand for lightweight and compact
lithium-ion batteries with a high capacity, high rate capability,
long cycle lifetime, and high energy-density electrode materials.
In order to meet these requirements, the development of new
electrode materials with higher capacities or higher energy-
densities is a pressing need. It has been known for an ideal
anode material should provide several demands, such as a high
specic capacity, a low potential elative to the counter electrode,
long cycling retention, high security, and inexpensive.1–3 And in
these days, alternatives to conventional graphite, numerous
lithium alloying materials (i.e., Si, Ge) have been used as
anodes, that are capable of exhibiting a high reversible
capacity.4–6
Germanium, as a promising anode material for lithium ion
batteries, has showed some intriguing properties, such as the
charming lithium-ion diffusivity (400 times faster than in Si),
favorable electrical conductivity (104 times higher than Si), and
higher theoretical specic capacity (ca. 1600 mA h g1, corre-
sponding to Li4.4Ge).7 However, large stresses which were
induced by the large volume change, can cause breaking and
pulverization of the Ge, leading to bad electrical contact
between the active materials and the current collector, and
nally led to capacity fading and poor cycling life. To improve
this problem, many studies have been conducted to design
appropriate anodes by varying the dimensions or
morphology,8,9 coating the active materials with carbon,6 and
dispersing the active materials into a graphitic matrix.10–12 J.ering, Fujian Key Laboratory of Advanced
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Cho13 report Gr/Ge NW(a single to a few layers of graphene on a
Ge nanowire) as a Li ion battery anode indicated a long cycle life
(200 cycle) and a high specic capacity (1059 mA h g1) at 4.0 C.
And these days, there are many reports about the Ge compos-
ited nanomaterials were used as the anode for the lithium
batteries.14–22 Especially, Kevin M. Ryan reported the germa-
nium nanowire as anodes shows a excellent rate performance
characteristics, a higher capacities (900mA h g1), a long cycle
life (1100 cycles).23
And here, the Ge nanowires (NWs) were synthesized with
simple PVD methods without any catalyst. Then the Ge@C
composited materials were prepared with a simple CVD
method. The electrochemical performances of the Ge NWs and
Ge@C nanocomposites were evaluated as an anode material for
lithium ion batteries (LIBs). And the preparation of Ge@C core–
shell nanocomposites shows high rate capability and excellent
cycling performance. This technique is environmentally benign
and low cost compared to MBE (molecular beam epitaxy)24 and
MOCVD for synthesis of Ge nanowires. Hence, it is suitable for
large-scale synthesis.2. Experiments
In this study, the Ge NWs were synthesized with a simple PVD
method with catalyst free on the copper foils. A conventional
two-zone horizontal tube furnace was used for the synthesis. A
quartz tube with an outer diameter of 40 mm, inner diameter of
30 mm and length of 800 mmwas installed in the furnace. High
pure Ge powders (Sigma Aldrich 99.99%) (5 g) and the copper
foils as the substrate were loaded in the quartz tube in
sequence, where the distance between the Ge powder and
substrate was about 20 cm. The substrates used were cleaned in
dilute HF solution for 30 s and then rinsed in deionized water.
And at last, the substrates were dried by a nitrogen gun and












































View Article Onlineevacuated by a vacuum system to about 103 Pa, the tube was
backlled with a high purity carrier gas of Ar. A procedure was
used to control the two-zone heating rate and the start of
heating time, respectively. This can make the two zones get
their working temperature at 950 and 800 C at the same time.
Aer that, the temperature of the two zones of the furnace was
kept for 60 min, during which the Ar gas with a ow rate of 200
sccm was introduced into the system. Aer 60 min reaction, the
furnace was le to cool down to room temperature with the
argon gas. Aer deposition, the substrate was covered with a
black color product.
In order to obtain the Ge@C nanocomposite NWs, the as
prepared Ge nanowires were moved to another tube furnace.
Aer it had been pulled vacuum for 30 min, the Ar were be
relled into the furnace. Aer increasing the furnace tempera-
ture to 700 C, the Argon and acetylene mixed gas ow rate was
kept 100 sccm were introduced into the system (in the mixed,
the C2H2 gas ow volume ratio is 5%) for 10 min. And then
cooling to room temperature with the Ar protected.
These samples were characterized by X-ray diffraction (XRD,
D/Max-2400, CuKa radiation), and eld-emission scanning
electron microscopy (FE-SEM, FEI Nano230). Energy dispersive
X-ray spectroscopy (EDS) attaching to FE-SEM was used to
analyze the elemental composition of the samples. Before high
resolution transmission electron microscopy (HRTEM, JEOL
JEM-2100F) observation, the samples (NWs) were scraped off
from the substrates and then suspended into ethanol solution.
The electrochemical properties were carried out by two-
electrode cells with lithium metal as the counter and reference
electrodes at room temperature. A slurry was prepared by mix-
ing the active material (Ge NWs or Ge@C nanocomposite),
carbon black, polyacrylic acid (PAA), and carboxymethyl cellu-
lose (CMC) in a weight ratio of 80 : 10 : 5 : 5. And then paste the
slurry on a Cu foil using the doctor-blade method. Finally, a
lithium foil (reference electrode), a polyethylene separator, and
an electrolyte solution of 1.3 M LiPF6 in ethylene carbonate/
ethyl methyl carbonate (wt% 3 : 7) with 10% of uoro ethylene
carbonate (Panax Starlyte) were be assembled to the half cell.
The slurry which were loading amount on the Cu foil was
ranged from 1.0 to 1.9 mg cm2. The specic capacity was
detected within a voltage window between 0.001 and 1.5 V at
various C-rates. The mass of the active anode material were be
using to calculate the specic capacity. Cyclic voltammetry was
conducted at a scan rate of 0.1 mV s1.Fig. 1 XRD patterns and Raman spectrum of the Ge NWs and Ge@C
NWs nanocomposite.3. Results and discussion
Fig.1a shows the powder X-ray diffraction (XRD) patterns of the
Ge NWs and the Ge@CNWs nanocomposite. Five main peaks at
27.41, 45.47, 53.58, 66.51, and 72.64 can be detected in the
XRD patterns of both the Ge NWs and the Ge@C NWs nano-
composite, which corresponded to the (111), (220), (311), (400),
and (331) reections of cubic Ge, respectively (JCPDS Card no.
65-0333, space group Fd3m (227)). For both samples, it also can
be found that the sharp and symmetrical diffraction peaks
indicated that the Ge NWs with a good crystalline phase, and itThis journal is © The Royal Society of Chemistry 2014is also conrmed that the carbon is amorphous for there was no
diffraction peak of carbon in the Ge@C nanocomposite.
And further structural information is provided by the Raman
spectra. Fig. 1(b) exhibits the Raman spectrum of the Ge NWs
and the Ge@C NWs nanocomposite. And to our knowledge that
the two peaks were observed at 1350 and 1590 cm1 are cor-
responding to the D band and G band, respectively.25 The
crystalline of the carbon materials will decided the relative peak
area ratios and sharpness of the D and G band peaks, and from
this gure the stronger D band and broad peaks indicate that
amorphous carbon is coated on the Ge NWs. Additionally, a
peak at 300 cm1 was noticeable, which is indicative of Ge–Ge
vibration. Also, even aer carbon coating, GeOx formation was
not observed. Moreover, the Raman spectrum of the Ge@CNWs
shows a little Red shi maybe caused by the carbon shell.
Fig. 2 shows the typical FESEM and TEM images of the bare
Ge NWs and the Ge@C nanocomposite. The overall morphology
of the bare Ge NWs is shown in Fig. 2(a). From this image, it can
be seen that the as-synthesized Ge nanowires are almost totally
composed of uniform nanowires and in which nanowires of
different sizes that bend and entwine each other could be
found. Some Ge nanoparticles can be detected in this image,
and these particles can explain the growth machines of the Ge
NWs (see ESI†). Fig. 2(b) shows a SEM image of the carbonRSC Adv., 2014, 4, 21450–21455 | 21451
Fig. 2 (a) SEM image of the as prepared Ge NWs, (b) SEM image of the
Ge@C NWs nanocomposite, (c) TEM image of the Ge@C NWs, and the
insert is the zoom in image, (d) HR-TEM images of the Ge@C NWs.
Fig. 3 Galvanostatic charge/discharge profiles of Ge NWs for selected












































View Article Onlinesheathed Ge NWs, and the morphology of the Ge@C NWs was
sustained aer carbon coating. The Fig. 2(c) was the TEM image
of the Ge@C nanocomposite, it was can be nd that the
nanowires are uniform with a diameter about 30–50 nm and the
length about several micrometer. And the insert in the Fig. 2(c)
is the high magnication image images of the Ge@C nano-
composite, and it conrmed that the Ge NWs was covered with
the amorphous carbon shell. Further insight into the structure
of the Ge@C nanocomposite is obtained from high-resolution
transmission electron microscopy (HRTEM) recorded on an
individual nanowire. The HRTEM of Ge@C nanocomposite
exhibits that the Ge NWs with a good crystalline and continuous
lattice fringes over a large area, this image clearly reveals that
the as-synthesized Ge nanowire has no defect of dislocation.
The interplanar spacing is 0.32 nm, which corresponds to the d
(111) spacing for the cubic (space group Fd3m (227)) structure,
conrming the crystalline nature of the produced Ge nanowires.
The thickness of the amorphous carbon shell also can be
provided from the HRTEM is about 7 nm. And an EDS line
prole of Ge (Green) and C (Blue) along the red line can be
found in Fig. S3.† The amount of carbon in the Ge@C NWs was
10 wt%, as measured by a Thermogravimetric analyzer. Ther-
mogravimetric analysis (TGA) results showed the Ge@C
composite to contain 80 wt % Ge (see Fig. S4†).
Fig. 3 exhibits the voltage proles of the Ge NWs, and the
discharge and charge capacity of the rst cycle were 2093 mA h
g1 and 1506 mA h g1 in the range of 0 V and 1.5 V vs. Li/Li+ at
the rate of 0.5 C (600 mA g1), which is much higher than the
theoretical value of 1600 mA h g1 for Ge. Similar observation
was also reported,26,27 and it was attributed to the initial reac-
tions at the surface of the Ge NWs, formation of surface elec-
trolyte interphase (SEI),28 leading to higher discharge capacity
being observed. But the bare Ge NWs exhibit signicantly
decreased of the specic capacity. Its charge capacity at the 30th
cycles is 468 mA h g1, and the discharge capacity is 496 mA h
g1. The signicantly decreased irreversible capacity of the Ge
NWs is believed to be resulted from the decreased formation of21452 | RSC Adv., 2014, 4, 21450–21455the non-conducting solid–electrolyte interface (SEI).28 And for
this phenomenon has been reported that the irreversible
capacity of the lithium reactive alloys is closely related to the
intensive side reactions between the active material and elec-
trolyte species (especially LiPF6).29,30
Fig. 4(a) shows the voltage proles of the Ge@C NWs versus
lithium at a cycling rate of 0.5 C (600 mA g1) between 0 and
1.5 V. And the CV proles of the Ge@C composited NWs elec-
trode at a scan rate of 0.1 mV s1 within the voltage range 0.01–
1.5 V versus Li/Li+ were indicated with an excellent electro-
chemical reversibility (see Fig. S5†). For the rst cycle, the
discharge and charge capacity were 1648 mA h g1 and 1332 mA
h g1, respectively, corresponding to a coulombic efficiency of
80%. Thus, for the Ge@C NWs sample, the discharge capacity,
if based only on Ge, is 1831 mA h g1, which is close to the value
of bare Ge NWs.27 It is well known that the SEI formed during
the rst charging step and which led to the detected specic
capacity is higher than the theoretical capacity value (1600 mA h
g1) with a coulombic efficiency of 80% at the rst charging.
And in the second cycle, the discharge and charge capacity
decreased rapidly to 1341 mA h g1 and 1229 mA h g1. This
phenomenon can be explained as above of the bare Ge NWs.
And then, the Ge@C NWs shows a long cycle life and high
specic capacity at 0.5 C. From Fig. 4(a), it can be found that the
discharge and charge capacity changed to steady decline and
reduced very slowly. From this gure, it can be found that at the
200th cycle the discharge and charge capacity were 1088 mA h
g1 and 1086 mA h g1. Our Ge@C NWs shows noticeably
improved efficiency, which may be due to the carbon coating
which minimized surface oxidation of germanium NWs. The
coulombic efficiency increased to 91% and 93% very rapidly at
the second and third cycle, respectively. And the Fig. 4(b) indi-
cated that the coulombic efficiency begins to display a stable
value ranging around 99% from the 4th cycle to the 200th cycle,
which indicates that the Ge@C NWs has an remarkable
reversibility in charging and discharging by Li+ ions aer the
SEI is formed.
In the process of the charging and discharging process, the
Ge structure will be destruction as the volume expansion. Andwindow from 0.01 V to 1.5 V.
This journal is © The Royal Society of Chemistry 2014
Fig. 5 (a) Rate capability of a Ge@CNWs and a bare Ge NW from 0.1 to
10 C. (b) Voltage profiles of the Ge@C NWs corresponding to the rate
capability measurement in (a).
Fig. 6 (a) TEM image of c-Ge-NW after 200 cycles, (b) expanded
image of (b) and line mapping of Ge along the yellow line, and (c) is the
point elements analyzed of the red mark of (a).
Fig. 4 (a) Voltage profiles of a Ge@C NWs between 0 and 1.5 V at a
rate of 0.5 C. (b) Cycle performance of a Ge@C NWs and coulombic












































View Article Onlinethis is the main reason that most of the degradation of the Ge
anode materials. Here, the long cycle life with higher capacity
retention of the Ge@C NWs maybe owed to intimate contact
between the Ge nanowires and carbon as the Ge nanowires were
holded tightly with the carbon to accommodate the mechanical
strain effectively. Furthermore, for the Ge@C NWs sample, the
core of Ge nanowires were growth directly by CVD methods
without any catalyst in our experimental, And as the growth
mechanisms mentioned that the Ge nanoparticles formed in
ESI,† and the Ge nanowires were formed with the Ge separate
out from the Ge nanoparticles aer absorbing the Ge gas and
reach supersaturated. So, the Ge nanoparticles maybe acted as
the excellent electron communication between the Ge@C
composited NWs and electrolyte solution during the cycles.
Once again, here the Ge nanoparticles maybe as the buffered
section to provide facile strain relaxation to accommodate the
volume variations during lithiation/delithiation in the hybrid
nanostructural composed of nanoparticles and nanowires with
greatly improved cycle life and rate capability.31
In Fig. 5, the rate capabilities detected for both the bare Ge
NW and the Ge@C NWs from 0.1 to 10 C. As mentioned above,
the Ge@C NWs sample shows an charming rate capability even
at a higher C-rate. For instance, the specic capacity of theThis journal is © The Royal Society of Chemistry 2014 RSC Adv., 2014, 4, 21450–21455 | 21453




Aer 100 cycle discharge
specic capacity (mA h g1)
Initial coulombic
efficiency (%) Ref.
Ge/graphene 200 400 48 35
Ge@G 1600 410 53 36
NC–Ge/C 800 870 70 37












































View Article OnlineGe@C NWs is about 583 mA h g1 at 10 C (¼ 12 A g1). More-
over, the specic capacity of the Ge@C NWs is about 181 mA h
g1 at 20 C (¼ 24 A g1). But, in the case of a bare Ge NW, the
specic capacity reduces quickly upon the C-rate increased from
0.1 to 10 C and with a specic capacity of 18 mA h g1 at 10 C. It
is noted that the voltage proles for the rate capability of the
Ge@C NWs are shown in Fig. 5(b). The improved rate perfor-
mance is attributed to the morphology of the nanowires. It is
well known that during the heating process for carbon coating,
the nanoparticles become agglomerated and grow, and which
lead to inhomogenous carbon coating. But, nanowires as the
one dimensional nanomaterials are not easy to aggregate in
parallel. Therefore, the agglomeration of nanowires is inhibited
effectively during carbon coating, resulting in homogeneous
carbon coating.
Fig. 6(a) shows that the SEM (see Fig. S6†) and TEM image of
the Ge@C composited NWs aer 200 cycles. It is indicated that
the pristine crystalline phase was transformed gradually into an
amorphous phase, which also was reported by Chan.26 Also,
aer 200 cycles, the diameter of the Ge NWs increased to about
150 nm for lithium de/insertion, which was about 5 times
greater than the pristine sample (Fig. 2(c)), as expected from the
predicted volume change, and this means that Ge@C NWs have
a quite porous structure. Remarkably, the Ge grains may be
either pristine Ge that was never lithiated (and can be led to the
darker contrast region observed in the core of the nanowire in
Fig. 6(a)) or Ge that recrystallized under delithiation, which has
been observed in thin lms.32 And the Ge element distribution
of the Ge@C NWs aer 200 cycles and line mapping of Ge along
the yellow line was shown in Fig. 6(b). It is also noteworthy that
are different with the reactions of Ge thin lms and nano-
particles, the Ge@CNWs were not cracked aer cycling and that
they preserved their own nanowire morphology.33,34 The
robustness of the Ge@C NWs seems to be caused by avoiding a
two phase reaction. Crystalline Ge NWs transformed into
amorphous Ge NWs during cycling. Therefore, during electro-
chemical de/alloying process, a homogenous volume change of
electrode materials made the local stress gradients suppressed,
and which resulting in the inhibition of cracking and pulveri-
zation also.6 And it is also can be found that there are some Ge
nanoparticles can be detected on the NWs, with the point
analyzing. It is conrmed our speculation that the Ge nano-
particles were acted as the electron communication and buff-
ered section during the cycles. And compared to previous
similar works, we listed a table about the capacitive of different
Ge nanocomposites. we can see that the Ge NWs in this work
exhibits the highest capacity aer 100 cycle. Moreover, the21454 | RSC Adv., 2014, 4, 21450–21455coulombic efficiency is relatively high, because mass of SEI layer
format due to the possible less irreversible processes, when rst
discharge takes place (Table 1).4. Conclusions
The Ge NWs were prepared with a simple PVD process without
any catalyst involved. And then the carbon grows directly on the
surface of Ge NWs to forming the Ge@C nanocomposite. SEM
and TEM analyses conrmed the core–shell nanoarchitecture of
the Ge@C composited NWs, with the length about several
micrometers to a dozen even dozens of micrometer. Individual
Ge NWs were coated by a continuous carbon layer, which had an
average thickness of 7 nm. The composite electrode composed
of single crystalline Ge NWs sheathed with amorphous carbon
showed excellent electrochemical properties of large reversible
capacity, high coulombic efficiency (1086 mA h g1) at 0.5 C-
rate, excellent rate capability and stable cycle performance (200
cycle) at a higher capacity retention (90%). The improved elec-
trochemical performance of Ge@C NWs fabricated in this
experiment is attributed to the formation of amorphous Ge
NWs during cycling, inhibition of surface oxidation of the Ge
NWs and a homogenous carbon coating on discrete Ge NWs.
These results suggest that the use of nanowire structure can be
promising for alloy anode materials in lithium ion batteries.Acknowledgements
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